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SUMMARY

A nonlinear simulation model of the CH-47B helicopter, developed by the Boeing
Vertol Company (ref. 1), has been adapted for use in the NASA Ames Research Center
(ARC) simulation facility. The model represents the specific configuration of the ARC
variable stability CH-47B helicopter (fig. 1) and will be used in ground simulation
research and to expedite and verify flight experiment design.

Modeling of the helicopter uses a total force approach in six rigid body degrees
of freedom. Rotor dynamics are simulated using the Wheatley-Bailey equations,
including steady-state flapping dynamics. Also included in the model is the option
for simulation of external suspension, slung-load equations of motion.

Validation of the model (discussed in Volume II of this report) has been accom-
plished using static and dynamic data from the original Boeing Vertol mathematical
model and flight test data from references 2 and 3, as reproduced in reference 4. The
model is appropriate for use in real-time piloted simulation and is implemented on the
ARC Sigma IX computer where it may be operated with a digital cycle time of 0.03 sec.

NOMENCLATURE
AERO fuselage aerodynamics subroutine
ARC Ames Research Center
BV Boeing Vertol Company
c.g. center of gravity

CONTROL mechanical control system subroutine
DCPT differential collective pitch trim
ECS electronic control system

ENGINE engine and governor subroutine

NB change in helicopter yawing moment per sideslip angle

rpm revolutions per minute
ROTOR rotnr dynamics subroutine
SAS stability augmentation system

SLING sling load dynamics subroutine




“ SNP shaft-normal-plane

\Y equivalent velocity ‘

E' SNPW shaft-normal-plane-wind
4
A
.‘ eq “

INTRODUCTION s

o e

At Ames Research Center (ARC), the CH-47B provides a unique capability for generic
flight research in flight controls and displays for rotorcraft and VIOL aircraft. 1In
addition to the existing potential for variable-stability flight., a programmable dis-

! play system and a variable force-feel system are being developed. The purpose of this
mathematical model development is to provide the capability for reai-time simulation
. and for the preliminary check-out of in-flight research experiments for the variable-
: stability CH-47B helicopter.

E Subroutines that comprise the mathematical model describe the rotor systems,

i fuselage aerodynamics, engine and governor, mechanical control system, the option for
: either an electronic control system or the basic stability augmentation system (SAS),
| and the option for externally suspended, slung-load dynamics. Foiward and rear rotor
dynamics are simulated in a shaft-normal-plane-wind (SNPW) reference frame with the '
Wheatley-Bailey (modified tip path plane) equations of references 5, 6, and 7. Steady

state flapping dynamics are represented with these equations; however, in-plane

motions are neglected. Forces and moments at the rotor hubs are then calculated as a

F function of rotor aerodynamic conditions and dynamics, after which they are resolved

to the helicopter center of gravity. Six rigid-body forces and moments resulting

from fuselage aerodynamics are found from tabular data interpolated as a function of !
fuselage angle of attack and sideslip angle.

Each engine is represented with nonlinear, second-order dynamics; left and right
engine models are identical, yet are modeled separately. The fuel control system and
gas generator are each modeled as a first-order system, the latter including a variable
time constant dependent upon power and power error. The engine governor, whose pur-
pose is to regulate rotor rpm, is modeled as a linear, third-order system.

Modeling of the hardware from the cockpit controls to the swashplate comprises
the mechanical controls subroutine. Included are upstream limiters on each control
input, first- and second-stage mixing, swashplate limits, and swiveling and pivoting
actuation dynamics (first order).

Stability augmentation in the form of longitudinal, lateral, and directional rate
damping is modeled. Additional features of the directional SAS include turn coordina-
tion and feedback of sideslip angle to obtain a stable yawing moment change with
sideslip (NB)‘

The provision for an electronic control system (ECS) model has been included in
this program. Although no specific ECS configuration has been documented in this
report, the information necessary to integrate such a subroutine into the simulation
model is discussed in the section concerning the ECS.

A model of an externally suspended, slung load has been developed and is available
for use with the helicopter simulation model. Three state variables, defining the
position ot the load and suspension cables relative to the helicopter, are represented
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basis for the simul

freedom rigid-body equation
facility and are known as s

puter mnemonics), includi
routines. The e

modules in the figure.
required for this model,

copter body and the SNPW
rotor c.g.

where the positions of
c.g. are given by:

with nonline
copter ard slung load upled, differential equations
modeling the two rigid bodies.

ar, second-order equations of motion,

Thus, the combined system (helji-
)» 1s represented with nine co

The specifications of the real-
report, organized by subroutine.
by an engineering explanation,
computer mnemonics in terms of
in the following order:
and governor (ENGINE), me
system (SAS), electronic

time simulation mode

1l are presented in this
Documentation of e

ach subroutine 1is characteri zed
input/output variable lists, and the definition of

engineering variables. The subroutines are discussed
rotor dynamics (ROTOR) , fuselage aerodynamics (AERO), engine
chanical control system (CONTROL), stability augmentation
control system (ECS) and slung-load dynamics (SLING).

Operational considerations are discussed, including the specification of input
constants and other information necessary for a piloted simulation using a simulator
cab and a visual display.

Finally, in Volume IT of this report
validation are discussed. ARC static tri
also, ARC dynamic data are
flight-test data from refer

» Tesults of the ARC stati

m and stability derivative data are tabulated;
compared with a Boeing Vertol Company (BV) model and CH-47
ences 2 and 3 (reproduced in ref. 4).

¢ and dynamic model

MATHEMATICAL MODEL DESCRIPTION

Rotors

Wheatley—Bailey (modified tip-path

plane) equations (refs. 5, 6
ation of the rotors

» and 7) form the

in this mathematical model. In subroutine
ROTOR, total forces and moments resulting from each helicopter rotor are computed in
the SNPW reference frame. These are then transformed to the body reference frame at
the helicopter center of gravi

e established Ames simulation
ubroutine SMART (refs. 8 and 9)).

Figure 2 shows a sig

ng variable inputs and outputs to and from other model sub-
quations are executed Seéquentially as indicated by the numbered

transformations between the heli-

reference frames. To do this, the position of the actual
relative to the actual helicopter

c.g. (fig. 3) is computed using equa-
tion (1),
: L E 1
SLFR,SLRRrF’R FF’Rx xxc.g./ 2
SDFR, SDRR dF’R = dF’Rx - AYC.g./IZ (1)
SHFR,SHRR h., h A /12
L P’%j o F’RXJ L -8 J

the baseline rotor c.g. relative to the baseline helicopter

PR : e
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[ (. : r o
”’FT 20.43 fq P ) (18.46 ft)
X X
<% rﬁ 0.0 ft r {dR *7 0.0 ft
X X
h 7.49 ft h 12.16 ft
LFXJ L J \ Rru L S
The vector
pxce [nx
Ceg.
DYCG ¢ AY
c.g.
pzce | Az
C.g.

is the position in inches of the c.g. of the sctual helicopter relative to the base-
line specifications. Baseline helicopter c.g. positions are

X 331 in.
c.g.

Y = 0.0 in.
c.g.

Z 11.2 in.
c.

and the sign conventions are as given in figure 4.

To compute forces and moments at the rotor hub, helicopter body-axis velocities
(from subroutine SMART, rigid-body dyramics model) are transformed from the body
reference frame to the rotor SNPW reference frame. Representation of the body axis
velocities at the rotor hubs is given in equation (2).

- — p - r _ _ 1 - =y
UFR1,URRI uFl,uR1 uB 0 hF,R dF,R pB
= {?
VFR1,VRRI1 vFl,le Va + hF,R 0 QF,R g {2)
WFR1,WRR1 wFl,le Vg dF,R —QF,R 0 UB
L 3 I Mt B & JL
Body-axis velocities (at the rotor hub) are transformed (eq. (3)) from the body to
the SNP reference frame through shaft incidence angles iF,lR (fig. 5).
- B . - F-
UFR2 ,URR2 rqu.uR? cos ip o 0 sin ip uFl,uRJ
VFR2,VRR2 VFZ,VR2 = 0 1 0 Ve VR 3
1 1
WFR2,WRR2 wF ,wR -sin lF,R 0 cos iF,R wF ,wR
| "2 N2 i o | IR

The rotor SNP may be considered an intermediate reference frame between the helicopter
body and SNPW reference frames.
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Rotor sideslip angle is defined by equation (4),

BETAFR VF,R,
Bp g = arctan — (4)

BETARR  ’ “F,R,

and SNP translational velocities are effectively resolved (egqs. (5) and (6)) through
BI!“,R intoc the SNPW reference frame, as shown in figure 6. Rotor-hub forces and
moments are eventually computed in this frame, as indicated in the figure.

UFR _ -
U =‘1/u‘ + v (5)
ke R F,R, F,R,
WFR
> F’
wrr PR R,

Next, helicopter-body angular velocities (from SMART) are transformed (eqs. (7)
and (8)) to the SNPW reference irame as shown in figure 6.

PFR rp.[: r-c:os 81'7 cos iF sin 81'7 cos 8];, sin il; Fp};
QFR q] = -sin B}'_, cos iF cos 81'7 sin BI'T sin iF Ay (7
RFR Ty -sin iF 0 cos iF B_j

L J L 4L
PRR E)Rq -—cos BI'{ cos iR -sin BI'{ -cos BI'( sin iR- —pﬁq
QRR | = -sin BI'{ cos iR cos BI'{ -sin E}'{ sin iR iy (8)
RRR :R_J I sin iR 0 -cos iR ] LTB_

Rotor angular velocity is corrected for helicopter yaw rate in equation (9):

OMEGFR
Q = - (9)
OMEGRR

and rotor tip speed is calculated based on this rpm in equation (10):

VTIPFR

v = 9 (10)
Tipy o Rg_ g R

VTIPRR F,R

Advance ratio and the free stream component of inflow ratio are calculated in equa-
tions (11) and (12):

s B e .
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AMUFR u
Y R TR (Q,F’R_ - ) (1)
AMURR ! B F,R F,R
F,R
ALMPFR w
"R TR (Q'F’R— T ) (12)
ALMPRR : B F,R F,R
F,R

Prior to their usage in computations (i.e., for flapping coefficients and rotor
forces and moments), the pilot's control inputs are transformed to the SNPW reference
frame and corrected for control phasing angle (¢p) and pitch-flap coupling (6,). Thus,
it is unnecessary to make these corrections during the actual c.mputation of these
quantities (as noted in the flapping assumptions which follow). Longitudinal and
lateral cyclic pitch in the SNP reference frame (from subroutine CONTROL) are trans-
formed to the SNPW reference frame in equations (13) and (14).

B 1] T j 1] 11 i t 1
AICFR1 AlCF cos BF -sin BF AlCF
o= (13)
' o v ' '
BICFR1 BlCF sin BF cos Bp BlCF
L 2 ] L JL .
~ - ~ S r -
1] A} : ] . 1]
AICRR1 AlCR CcOs BR S1in DR : xlCR
o= (14)
BICRR1] B! -sin B! cos B'} | B!
A I {) L

Although the pitch-flap coupling and control phasing angles are zero in the current
configuration of the ARC CH-47B, the capability for these variations has been included
in the simulation model. The purpose of the control phasing angle, ¢p, is to offset
the lead of the blade relative to the pitch hinge, which was introduced by pitch-flap
(84) coupling (fig. 7, taken from ref. 10). In equations (15) and (16), rotor cyclic
pitch positions are transtormed through control phasing angle, ¢p (fig. 8).

atcrr2[ Al . 7 [cos —sin ¢, 1At ]
ey o o cr,
= (15)
BICFR2{ B} sin ¢ cos ¢ B}
8 CFz- L Pp Pﬂ L CFl-
atcrr2far . b feos ¢ -sin ¢ | [AL. ]
Cr, Py Pl iCk,
- (16)
BICRR2| B} sin ¢ cos ¢ B}
C p 1
b RQ-‘ b R PR.‘ L CRl..‘

In equation (17), rotor cyclic and collective positions are corrected for 3§,
(ref. 11).

PY



where KBF R =
’

AICFR,AICRR
BICFR,BICRR

THOFR , THORR | 0 4

—tan(daF’R).
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[A!
lCF

Bic + K

F,R

A "
IF,R

blF,R

:lOF’RJ

(17)

Rotor degrees of freedom are limited to feathering and the computation of steady

state flapping and coning coefficients.

been considered.

No in-plane (lead-lag) degree of freedom has

Flapping and coning coefficients are computed by solving a 3x3 linear

system of algebraic equations, and are developed based upon the following simplifying

assumptions (ref.

1.

2.

3.

4,

5.

1):

Only the first harmonic terms are used.

There is a uniform inflow.

No reverse flow is considered.

Identical forms for the front and rear rotors are used.

There are no pitch-flap coupling effects (the

in this regard).

6.

7.

8.

9.

10.-

11.

There is a zero tip-loss factor.

There is a negligible hinge offset.

Rigid blades are used.

There are no compressibility effects.

There is a constant rotor airfoil-section lift-curve slope.

control inputs are corrected

The rotor airfoil-section drag varies only with rotor angle of attack.

Steady-state flapping and coning angles are found by solving equation (18) with

Cramer's Rule.

where:

DF,R

a0 R Je,R
F,R CF,R{[2F,R] T KR
1 1
R IF,R[|PiF,R IF,RJ
121
F,R 3 2
- =K (1 + ¢
pa, .c. R} 2 7B F,
FoREFROBy o F,R
7

(The derivation of these equations is given in appendix A.)

A'F,R BF,R CF,RW

(18)

N ._
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"
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. Bp g = 0
3 -
i Cp.R 2“F,RKBF N
L ’ ORIGINAL T -
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PR =5 Kg  wpgp CuAL: .
| F,R
| 2
" g -1 _YER
. F,R ~ % 8
1 3
F = K (/— + = q )
| PR " T A\ T8 VR
2
" 4 “FLR
Gp o= -2 — TR
F,R 3 u
L R
3
= X
He » B
Ip g = 1.0
3 [] 2 [} 2
_3 _ 1.2 +
Tr,r =3 fop g1+ YE,R) T Dp R Z“F,RBICF N + eth R( MR, R
'Ry ’
= 2 ' l _1_ _ [} l _3 2
Kr,r =3 Up,rYp Rt 3 *rRYFLR T 2eth PR T Big (4 *3 “F,R)
’ F,R,
. Y
_ “Ip 29F,R ( _ “F,R)
pa_ .c 0 A
F,R F,RRBF’R F,R
2
L e 161, RPF R (1 ”F,R)
- Al - . _
F5R “F.R, P, R°F,RRB_ RQF,R 2
s

Using Wheatley—Bailey theory (refs. 5-7),
the rotor hubs are computed. Expressions for t

developed for a tandem rotor helicopter using t
for rotor side force and drag

thrust, torque, side force, and drag at
hrust and torque follow the theory as
he SNPW reference frame. Expressions

were greatly simplified by BV during their development
because the simplified forms provided a better match with flight test data than did
the full theoretical expressions.
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Mean rotor thrust is computed with equation (19). ]

el Ty N T ‘3
CTRR1 aF,RGF,R F,R 3 "9F,R 2 th’R N
+ o] + -1- 8 - B (19 :i

"F,R “F,R( OF,R © 2 th’R) 'Cp o ) .

In coefficient form, thrust i1s modified owing to limits on its maximum allowable value,
for rotor stall, and due to ground effect. Since the maximum allowable normalized
thrust coefficient, 2Cy/ac, is 1.0, a limit is imposed if the computed value is
greater than 1.0. As a function of advanced ratio, normalized thrust coefficient is
modified as shown in figure 9 for the effects of rotor stall. This is an empirical ‘
correction which was derived by BV to provide a better match of the model's dynamic \
response with wind-tunnel test data and is selected (along with a correction to rotor ;
torque) with flag NSTALL in the simulation model. Thrust coefficient is computed as !
shown in equation (20)

2

C
CTFR c i TF,R.\aF,ROF,R

CIFR  'F,R aF,ROF,R/ 2

(20)

and if longitudinal velocity is less than 40 knots (and if the ground-effect correc-
tion is selected with flag NGREFF), thrust is modified for ground effect as a function
of altitude and airspeed. Thrust is calculated in equation (21)

§
T , =C prRY 22 {1 4+ K T, \ (21)
F,R TF,R BF,R F,R g'e'F,Rl'g'e'F,R/
where
U
F
K. =1-32% (U _ =40 knots)
g F,R ge g' .
and Ti g.e is determined from figure 10 as a function of the rotor height to diameter
ratio (h/D)rotor'
9
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Mean aerodynamic torque required 1s found from equation (22)

)
CQFR] "CQF R 8¢ r , .
3 3 5 “
el e = |, 0.25 u 4,65 —— - aj + 0.25 BlF aj., -~ 3ai..
¢ , ’ & O § ¥,R FyR
corrl  AF,R9F,R R F.R ¥R F.R F,R
By,
A C
F,R F,R
_ n2 RN SN .\ S
Ay bipp DlF,R) *t 73 2 41p R
F,R
Ay ¢l
o ¢ t
+ aoF’R_ b _ _F’B, +._]_ ,,F’R .. )\2 -2 OOF9R + wF’R
3 1F,R 2 2 ZaF R F,R F,R\ 3 4
,R
1/ 2 2
3 (Alc. baip g B Mg p - alp,r ~ Plpr (22)
¥,R F,R

As a function of rotor thrust and advance ratio, the torque coefficient is modified
for rotor svall (flag NSTALL) as shown in figure 11. 150, an empirical correction

is made to the torque coefficient to attajin a better match with flight-test data.

This correction, the effects of which ar« shown in figure 12, is calculated as a func-
tion of advaice ratio and thrust coeffijcient (flag NTRQCKk). Including the two
corrections, the aerodynamic torque coefficient is:

CQFR / ZCC \ a g
CQRR cQF R ) \;E-RE;RR/ F’% - ' ACQF v ACQF R 2
’ RF, Re.s. :
and the rotor torque required is
QAERTR 5 ,
QAERRR QAERF,R i CQF,RDHRBF,RSg (2

Rotor sideforce is calculated with equatt~.s (25) - (27).

2C 2¢
CYFR1 Yer L

CYRR1 2F,RT,R ag,RF,R

1
b + : - - -
¥, R YF,RYP1E,R | G (blF,R AlcF R) YFLRA0F,R

1
+ 5 ag (u. By, - 1.50pn o = 3hp . = 0
2 TOFR\FLRICL F,R F,R Vg o
+ 1 A Q) A ) + } B + (25)
4 “F,R\"!F,R ~ M  agn 1 Ay
R CF.R 6 F,R CF,R F,R
CYFR 20y a. 0.

CY — —
CYRR F,R g ,RF,R

T - 'd,t‘/'i.’-"fr -—s P

R N

T4
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, YFR . ,
h Y = C pm (0 (27)
vrR TR Ve RBF.R F.R
A quadratic form is assumed for blade-profile drag (eq. (28)) and the normalized-
drag (H-force) coefficient is calculated as +«n equation (29).
. DELFR ,
8 = &, + 98, C (28)
‘ DELRR F,R F,R F,R TF,R
.
¢ “
: 2C
CHFRI B R S ,RMF,R .
A on o D Cr Bip gt oo (22)
CHRR! “F,R°F,R F,R °° F,R
3
Equations (30) and (31) show the calculations for rotor drag coefficient and li-force,
} respectively.
‘ ; 2C
» CHFR Be k) 2F,ROF,R
1 CH “\a, o 2 (30)
} CHRR F,R F,R F,R
HFR X
b H =C pTR Q2 (31)
mRR °R o Hp g7 Bp UFLR

Rolling and pitching moments at the ro

are found as a function of steady-state flapping angles (egqs. (32) and (33)).

AMHBFR

Mhub

! 2
5 e b . QL ajl
AMHBRR PR 2 CF.R F,RML«,F’R F,R31F,R

ALHBFR

1 2
L 5 e b 9) b,
ALHBRR MPp x 2 F.R F,RMWF,R F,RVIF,R

Inflow ratio dynamics, which are modeled usin
gram LOLIN (ref. 12), are first order and depend u
empirically derived rotor-on-rotor interference al

gorithm,
C D. C
S U P R S T
F 1 F o Q 2 2 p) Z
xF FB, 2 Ver + 3 2Yil 412
c D. C
D U M rr Tr

—— e

T
: . R
+ +
R T R .,R 2 2 2 2
AR R BR 2 V”R + AR Z'VUF + AF

11

tor hub resulting trom aerodynamic forces

(32)

(33)

g the ARC local linearization pro-
pon thrust, advance ratio, and an

(34)

(35)
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Referring to equations (34) and (35), rotor-on-rotor interference parameters DFRF

(rear on forward) and DFFR (forward on rear) are calculated as shown in equation (36)

BDFFR : ‘ ! ! |
D. = d! l - {sin B o|) + C. |sin B (36)
BDFRF | FR(RF) FER (RF) FUS Fy FUS

where d%FR and d%RF are found, depending upon whether the helicopter 1is in forward
or rearward flight, in figures 13 and 14 and Cp2 is found in iigure 15. A more
detailed description of the LOLIN approach to solving equations (34) and (35) and an

explanation of the differences between this approach and the one used originally by
BV, is given in appendix B.

Finally, rotor forces and moments at each rotor hub are transformed to the heli-
copter c.g. These forces and moments form a portion of the total forces and moments
acting on the rigid body (helicopter) and are integrated in SMART to give the trans-

lational and rotational states.

In equations (37) and (38), forces at each rotor hub are transformed from the
SNPW to the helicopter body reference frame.

ol 1 T : . - [
Q - - _ .
YAERFR XAERT cos BF cos ip sin BF cos iF sin ip HF
12 4 = — : 1) ] * 7
YAERFR \AERF sin BF cos BF 0 YF 37)
h y - ' - 1 . . _ ~ 4 N
ZAERFR{?AER? I cos BF sin iF sin BF sin ip cor 12 MLE
XAERRR & T icos B! cos i sin B! cos i sin i-1 qu
AERR R R R R R R
, = - 1 - 1 r
YAERRR \AERR sin BR cos BR 0 SR (38)
VA " AR - ' . [} . . _ -
AERRR /AER L cos BR sin 1R sin BR sin ip cos iR TR
ba R- -l b
Total moments at the helicopter c.g. due to the rotors have contributions from
two sources: (1) moments at the helicopter c.g. resulting from forces at the rotor
hub and (2) moments at the hub transformed to the c.g. Equation (39) shows the com-
putation of the first contribution, equations (40) and (41) show the computation of .

the second contribution, and equation (42) gives the summation of moments from each of
the two sources.

ALFR1,ALRRI[1! 7 T 0 h d.. I ] ’

ARy o F,R F.R|| “AER, o
AMFR1,AMRR 1| M’ = |-n 0 -3, y (39)

AER; o F,R F.R|| "AERg o
ANFR1,ANRR1|N' -d 0 o ||z

AE F.R 'F,R ‘AE

| RF,R. ] , 1L ABR; o
12
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o - ' - ' _ - -
ALFR2 LXERF [cos BF cos iF sin BF cos iF sin H: ﬁhubF
1" = ] ] 0
AMFR2 MAERF sin BF cos BF 0 MhubF (40)
" ' - )
ANFR2 NAER‘ cos BF sin iF sin BF sin iF cos iF QGOV,
X 9 _ ' _ ' 10 -
ALRR2 LAERR [—cos Bp cos ip  -sin B} cos i, sin 1 LhubR
" - _ ' '
AMRR2 MAERR = sin BR cos BR 0 Mhub (41)
" - ' - ! -
ANRR? NAERR cos BR sin iR sin BR sin iR cos i.R OGOV
- - o -l }{J
- - [~ n n
ALARFR, ALARRR L. L! 1.
AERF,R ( AERF,R AERF,R
AMARFR, AMARRR | M =In + M (42)
AERF,R AERF,R AERF,R
ANARFR,ANARRR| N N! N"
) AERF’IQ I AERF’RJ | AERF’RJ

Total rotor forces and moments,

XAERFR ,XAERRR ALARFR \LARRE
YAERFR,YAERRR p and { AMARFR, AMARRR
ZAERFR,ZAERRR ANARFR ,ANARRR

are passed to the AERO subroutine for summation with the fuselage quantities calcu~-

lated therein; aerodynamic forces and moments (rotor + fuselage) are transferred to
SMART as inputs

FAX TAL
FAY p and { TAM
FAZ TAN

Table 1 is a list of the ROTOR subroutine variables together with constants and
conversion factors. Included is each variable, its FORTRAN mnemonic, units, common

location, if applicable, and physical description. Table 2 is a list of the variables
transferred between ROTOR and other subroutines.

Fuselage Aerodynamics

Tabular data from rotor-off wind-tunnel tests provides the basis for fusel

age
aerodynamic forces and moments.

These are represented in the helicopter body refer-
ence frame and are normalized by fuselage dynamic nressure. The data are obtained
from the function tables by linear interpolation on fuselage angle of attack and
sideslip angle (figs. 16-21).
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To calculate fuselage angle of attack, rotor downwash velocity at the fuselage is
computed with an empirical expression, and is used to modify vertical velocity
(eq. (43))

(A% - kF)QFRBF
B ~ 1 + Dy (43)
RF

! =
WBPR wB w.

Using the vertical velocity at the fuselage, wé, fuselage angle of attack is calcu-
lated from equation (44).

w
B
ALPHFS trus = arctan(uB) (44)

Fuselage sideslip angle is computed in equation (45), which is somewhat simplified
from the helicopter sideslip angle computed in SMART.

v
B
BETAFS Bp o = arctan (G;) (45)
Fuselage dynamic pressure, used to normalize force and moment entries in the function
tables, is found using equation (46).

2

1
SQFS  qpue =7 p(ul + vi + wi?) (46)

From the function tabies, the resulting forces and moments are: (D/q)FUS,
(Y/9) rys» (L/q)FUS, (yyq)FUS’ (M/q)FUS’ (N/q)FUS. These quantities are then corrected
for differences in the equivalent '"flat-plate area' between the actual helicopter and
the model used in the wind-tunnel tests from which the data were obtained. This
correction accounts for additional sources of drag (i.e., rotor hubs, rotor blades,
landing gear) that were not included in the wind-tunnel model.

Correction terms to be applied to the fuselage forces are calculated as shown in
equations (473-(49), where Afe 1is the difference in flat-plate area; fuselage forces
are calculated in equations (50)-(52).

D
A<5) i o 1/2 (47)
FUS [1 + (tan aFUS)Z(tan BFUS)Z]
A(X) i Afe tan BFUS (48)
UYrus [1 + (tan aFUS)Z(tan BFUS)Z]I/2
A(E) i Afe tan GFUS (49)
q ) h.1]2
FUS [1 + (tan O‘FUS) (tan BFUS) ]
D D
XAERFS X = -q = + Al= 50
FUS FUs (Q)ms (q)F’US (50)
14
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YAERFS Y = q (—») - A(—) 51
FUS — FUSI\ 4 Jyysg /rus
. B
ZAERFS Z.. . =—-q (—Ii) + A(—‘i) (52)
FUS — TFUSI\4/pyg 4/ Fus)

To make the corrections necessary for differences in c.g. position between the actual
helicopter and the wind-tunnel model, this moment arm is computed as in equation (53).

stees i 1 [e. ] [ex. . /12]
FUS x -8
SDCFS d = |d - Y /12 (53)
CFUS cy C.8.
SHCFS hC h 4z /12
LFus] L Sxd L <&
Q’C ‘1.47 ft A,X
X c.g-
4 is the baseline model c.g. offset (fig. 22), which 0 f ,
Cx has the constant numerical value of t ' ;Yc.g. s
1.31 ft 3
hcx L ’ Zc'g

the pesition (in inches) of the c.g. of the actual helicopter relative to its baseline
(fig. 4).

Using equation (54), fuselage moments are adjusted for this difference in c.g.
position,

ALARFS L #/q) o] 0 h d X .
FUS FUS Crus crus| | FUS
AMARFS =N/ dae.. + |-n 0 ) Yoo (54)
Mrus rus | 3rus Crus crusl | FUs
ANARFS|N (N/q) -d g o |l
] F’US‘ i FUSJ i CFUS CFUS H FUS-

If the helicopter is in rearward flight, the signs on Xfrys, Mpysg, and Npyg are
reversed to account for the aerodynamic differences at this flignt condition.

Total aerodynamic forces and moments include rotor and fuselage contributions,
which are summed at the end of the subroutine (eqs. (55) and (56)) and passed to

SMART.
FAX P(AERO BcFus XAERF ¥R
R
= Iy v
FAY 1Y agro Yrus |t YAER.F + ‘AER (55)
FAZIZ ppro Zpus Z AER “AER
- - b J L. P; - R-J
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TAL[Liro]l  hpus rLAERF FLAERR

TaMM ero] = [Mrus| * MAERF + MAERR (56)
TANIN \pRO Nrus NAERFJ NAERR
L N L .l L L J

Table 3 gives the definition of the variables, constants, and conversion factors

of the AERO subroutine. Table 4 lists input/output variables to and from other sub-
routines, together with required input data.

Engine and Governor

Power is supplied to the rotor system by two Lycoming T-55-L7C turbine engines
mounted on the aft pylon. Although the representations are identical mathematically,
each engine is modeled separately. The block diagram in figure 23 illustrates ...
modeling method for the left engine, including the governor and forward rotor-shaft
dynamics. Nonlinear functions are shown in more detail in figures 24-3).

As shown in figure 23, trimming of the engine by zeroing {, is done while in
initial condition (I.C.) mode by setting flag ISTEADY after the rigid-body states have
been trimmed. Pilot inputs, shown on the left side of the diagram, include: positions
of the collective stick (8. 1is fed forward into the engine to compensate for rpm
droop}; N; lever (compressor speed); and beep trim switches (torque may be adjusted
on the left engine individually, or engine torque and rotor rpm may be adjusted on
both engines simultaneocusly). Changes in beep trimmer and collective positions modify
the fuel control actuator (N;) command. The fuel control mechanism is modeled as a
first-order system, with friction in the response represented by a deadband and by
hvsteresis. Unlimited commanded power is calculated, as shown in figure 31, as the
difference between equivalent rotor rpm (NR) and the fuel contrul actuator position
(Ng,). The term NR provides the intercept of the unlimited commanded power curve,
and "the slope of the'curve (M) is an empirically derived constant between engine fuel
flow and engine power. Feedback of NR(©2) in the unlimited, commanded power calcula-

tion represents the governing loop of the engine, where engine power is modified to
regulate variations in rotor rpm.

As shown in figures 23 and 31, the topping power level of the engine is a func-
tion of NR(R) and the compressor speed (N;). Three positions, STOP, GROUND, and FLY
are available on the N, lever; actuator motion between the positions is at a con-

stant rate of 0.8 in./sec. Unlimited commanded power is then topped as a function of
rotor rpm and compressor speed.

Gas generator dynamics are modeled as a
internal limiter, both of which are variable.
starnt is a function of power output, modified as a function of power error. The

variable internal limiter adjusts for the engine, which powers down six times
faster than it powers up, and is a function of power output.

first-order lag with a time constant and
The gas generator dynamics time con-

The engine governor and rotor shaft dynamics, modeled as a third-order system
(fig. 23), regulate rotor rpm. Inputs to the governor and shaft dynamics model are
power available from each engine and power required for the accessories (hydraulic
systems, transmission losses, etc.). As shown in tae figure, this system is driven by
the difference between resistive torque (damping plus spring torque) and rotor torque
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required. Rotor acceleration is the dilference between shaft resistive torque and
engine torque available. Engine cuiputs: rocor vom (OMEGA), spring torque

QGOVF
QGOVR
and rotor rpm uncorrected for helicopter yaw rate
OMEGPF
OMEGPR
are passed to the ROTOR subroutine.

Table 5 is a list of variables computed in the ENGINE subroutine, together with
constants and conversion factors, and table 6 has ENGINE subroutine input/output
variables, and logical flags.

Mechanical Controls

The purpose of the CONTROL subroutine is to represent the mechanical hardware
between the cockpit controls and the rotor swashplate. A block diagram of the sub-
routine logic is shown in figure 32. Mechanical control system inputs are lateral
cyclic (GAP), collective (SCP), longitudinal stick (GBP), and directional (Spp) cock-

pit control positions. The SAS and ECS actuator inputs from the respective subrou-
tines, and selected with the flags shown in the figure, augment the appropriate
cockpit control positions. Longitudinal cyclic position is also augmented by the
differential-collective-pitch-trim (DCPT) actuator which (although this capability

has been disconnected in the ARC helicopter) may be selected in the simulation model
by setting flag IDCPT. The purpose of the DCPT actuator is to artificially provide a
stable longitudinal stick position gradient with airspeed (fig. 33). To accomplish
this, as a function of airspeed, the DCPT actuator automatically introduces a positive
pitching moment (fig. 34), requiring the pilot to move the longitudinal stick forward
to maintain trim (ref. 13).

After control-stop limiting (downstream of cockpit control-position limiting,
which is not included in the diagram), control positicns are converted from inches to
degrees of equivalent swashplate, resulting in OAF R’ OCF R @BF R’ and ORF R

First-stage control mixing (longitudinal and vertical, lateral and directional) is
followed by cumulative lateral stop limiting (of the authority of differential lateral
and combined lateral inputs). Results of (vertical and lateral) secound-stage mixing,
Opgp» Oppps» Orgp» AND Oppp are limited at the swashplate prior to driving the swivel-
ing and pivoting upper-boost actuators. (In order that the swashplates move smoothly
and not bind up, each is driven by a combination of swiveling and pivoting motions.
Swashplate displacement is the sum of the two inputs.) The actuation dynamics are
modeled as first-order lags, the outputs of which, OéF,R and AiCF g’ Mmay be inter-

preted to be collective and lateral cyclic pitch angles represented in helicopter
body axes, respectively.

As described in reference 4, longitudinal cyclic pitch angle is scheduled with
equivalent airspeed (fig. 34); actuation dynamics are modeled as a first-order lag.

17
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Mechanical control-system outputs are rotor hub collective and cyclic positions

AlCFRC, AICRR(
BICFRC, BICRRC
THOFRC, THORRC J

which are passed to the RGTOR subroutine. Table 7 is a summary of the variables used

in the CONTROL subroutine; table 8 gives subroutine input/output variables and logi-
cal flags.

Stability Augmentation System

The basic augmentation of the CH-47B helicopter is modeled in the SAS subroutine.
Rate damping only is implemented in longitudinal and lateral axes (figs. 35 and 36);
the directional axis has turn coordination and Ny stabilization in addition to rate

damping (fig. 37). Figures 38 and 39 show the directional SAS nonlinearities in
detail.

The longitudinal SAS consists of pitch-rate feedback through cascaded first-order
lag, lead-lag, and washout filters. The lateral SAS is comprised of a single first-
order lag applied to roll rate. 1In the Ny stabilization portion of the directional
SAS, sideslip angle is calculated using the pressure difference between the static
ports located on the nose of the aircraft. 1In an appendix to reference 4 it was
determined that this pressure difference may be represented as in equation (57)

Wl arge = (l.l)(g)sin(Zy)sin(ZB)q (57)
port

wher2 v = the angle between longitudinal axis and the static port line (52°) and

q = the dynamic pressure (= (l/2)pVé ). The portion of the yaw SAS rudder input cal-

culated to zero sideslip angle is given in equation (58) where KAP is a velocity-

R
dependent gain whose purpose 1s to wash out this rudder input at high speeds (fig. 38).

_ , in. pedal
DRBYAW GR = (Ap in, H,0) KA BTy 7,0 (58)
equivalent Pg
R
pedal

Directional SAS yaw damping uses simple filtering with, at Vog = 40 knots, a change
from a first-order lag in cascade with a lead-lag to a first-order lag in cascade with
a washout filter applied to yaw rate. Turn coordination is implemented with a fi—-st-
order lag on helicopter roll rate. Computation of {he SAS tiltering outputs uses
subroutine FACT/UPDATE, designed to solve ordinary differential equations f(ref. 14),

Augmentation in any or all of the three axes may be selected with switches

located in the CONTROL subroutine. Flags RSASQ, RSASP, and RSASR select the longi-
tudinal, lateral, and directional SAS inputs, respectively,

SAS effectiveness may be demonstrated using dynamic response and stability-
derivative data. Figures 40-42 show SAS off and on responses for each of the longi-
tudinal, lateral, and directional axes in hover. Figures 43-45 and 46-48 give similar
results “or Veq = 75 and 130 knots, respectively. More complete static and dynamic
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model data may be found in volume IT of this report, which gives the validation
results. Included therein are static trim and stability derivative data as well as a
summary of dynamic check results.

Table 9 i1s a list of the SAS subroutine variables together with constants and \
conversion factors. Included is each variable, its FORTRAN mnemonic, its units, its
common location if applicable, and its physical description. Table 10 is a list of
the variables transferred between SAS and other subroutines. f

Electronic Control System

Using the ECS of the CH-47B, a researcher may either implement an experimental
control system or, by designing explicit model-following laws, exercise the heli-
copter's variable-stability capability. The ECS subroutine is a model of this system;
subroutine inputs are the research pilot's cockpit control positions and the outputs '
are ECS signals sent to the mechanical controls subroutine, CONTROL. No specific ECS y
is documented in this report. It is anticipated that a particular ECS design will be f
developed along with an individual experiment, and will be documented at that time.

However, during model validation, some simple procedures were developed which aid in
properly linking the ECS to the rest of the model. A discussion of these follows.

Frior to engaging the ECS (with flag IFCSCON in subroutine CONTROL), the heli-
copter is trimmed using the basic airframe and mechanical control system. In this

case, the SAS must be turned off before trimming, since SAS inputs alter the cockpit
control positions for trim.

When the ECS is engaged the helicopter is flown by the research pilet; therefore,
in the simulation the safety pilot's inputs to the mechanical control system are -}
disconnected as the ECS is turned on (see the CONTROL schematic, fig. 32). To avoid
destroying the trimmed condition of the helicopter when the safety pilot's controls
are disconnected, each trim cockpit control position is used as a bias which is added
to the appropriate ECS input (which is zero at trim, by definition); this is shown in
equations (59)-(62).

DILATTOT = DLATECS + DATOTIC (59)
DLONTOT = DLONECS + DBTOTIC (60)
DYAWTOT = DYAWECS + DRTOTIC 61)
DCOLTOT = DCOLECS + DCTIr'TI1C (62)

where

4 DATOTIq (DLATP)

DBTOTIC & DLONP

DRTOTIC. DYAWP

\ocrotie)  \poorr J | irim :

Table 11 gives the ECS subroutine input/output variable definition ;
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Slung Load

Subroutine SLING models a baseline, externally suspended load in three degrees of !
freedom. This is accomplished by introducing three new state variables, each defined it
as a relative displacement of the load and helicopter Lody reference frames. Addi- “
tionally, terms which represent the effect of the slung load motion on the helicopter '
response are computed and passed to suoroutine SMART. Simulation of the slung-load [
dynamics is optional and may be selected with flag ISLING. 1

Figure 49 (taken from ref. 1) illustrates the geometry of the slung load, its ol
attachment, and position relative to the helicopter. The baseline load data, which
are included in the simulation model, is a '"MIL-VAN" weighing 7500 1b. It is sus-
pended ow cables from tandem attachment points on the fuselage equally spaced about
the helicoprer c.g. It has been assumed that these attachment points may transmit no
moments between the load and the helicopter. Referring to the figure: Mps Ar, and
vy, are defined to be the longitudinal and lateral cable sway angles and the lateral
differential cable angle, respectively. ‘

To compute slung-load aerodynamic quantities, velocities in the heolicopter body
reference frame at the slung-load c.g. are computed via equations (63)=-(63).

= : I
USL Ugp ug + (LL + RL)qB + LLUL A3)
VSL v o= vy - (L + R)py - Lk (64)
WSL  wo, = wp (63

Slung-load dynamic pressure, sideslip angle, and angle of attack, respectively,
are computed in equations (66)-(68).

_ 1 2 2 2 (1/2 3
SQSL qSL =5 p(usL + vSL + wSL) (66>
BETSL (., = arctan Ys1.) _ €7
S ”cL) vy, (€7)

YsL,
ALFSL aSL==arctan<G;;> + 0gp (68)

Slung-load drag, sideforce, and yawing moment, respectively, are found from fig-
ures 50-52 as a functicn of load angle of attack and sideslip angle. These datua,
normalized in the simulation model by load dynamic pressure, are taken from wind-
tunnel tests., Prior to their use in the cable angle calculations, the load aerody-

namic quantities are rcsolved latc the helicopter body reference frame, as in equa-
tions (69)-(71).

- - D . Y
XAERSL XAERL = ~qgp. (q)SLcos ot (q)SLsin 23 (69)
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YAERSL Y = q (Z> cOs v, - (Q) sin v (70) .
| AER, st \a/g L . 1. |
: ANARSL N, o = dg (‘3) (71
{. R \/s1, ,
]
Using XAERL’ YAERL’ and NAERL as inputs, suspension-cable angular accelerations |
are computed with the nonlinear second-order differential equations (72)-(74), from J
reference 1. 4
. XAE u L, + J L.+
RL B L . L L RT
AMULED UI‘TRL—L—"T'—L—‘“‘*B* SR M b
L 1 L mLLL
P : erB = g
- erL + LI - KL 1L (sin @ + sin uL) - Kﬁu (72) ‘
where
2 2 1/2
[t e ]
KL N m g
“YAE v L, + J L, + ]
ALMLDD % = R i L RLé L 1Ry rq 'L @
= — - ———————— - —_ - —————— N i
L mLLL LL LL B mLLz LL B7B mLLL B L
L
r,u
. BB q . P ;
+ rabp + T -1 (sin ¢ + sin AL) - KXAL (73)
L L
N 2
ANULDD ¥ ——A—IE:R—L—-‘ —ngaLcoqo~s¢>v - K.v (74)
N BT AT L, cOs vy T VL '

(During model validation, the value of Ky was changed from the original value of
+1.8 to -0.03 to match BV dynamic-response data.)

Integraticn results in cable angular velocities as in equations (75)-(77):

AMULD 4 = J.UL dt (75)

ALMLD ) = IAL dt (76)

ANULD ‘:’1 = f v de (77
21
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and cable positions as In equations (78)-(80):

AMUL gy = f “‘1 dt (78)
ALML ) = ,“AL dt (79)
ANUL v, = f {)L dt (80)

At a straight and level flight condition, values of 1, ), and v; may be found
by solving equations (72), (73), and (74) at steady state. Resulting trim values are
given in equations (81)-(83).

xAERI
AMULIC w = sin"'{-sin O + . (81)
L -
I.C. KLgmL
ALMLIC X = - (82)
L.
.C.
ANULIC v, =0 (83)
‘I.C.

where 1.C. represents the initiai flight condition. By selecting flag TSLTRM,
initial values of the slung-load states are computed at the same time that the heli-
copter is being trimmed.

In the criginal BV simulation model, the helicopter and slung load were modeled
together as a coupled nine degree-of-freedom system. However, since subroutine SMART
was aesigned to handle only six degrees of freedom, the ARC model is somewhat modified
from the original. Equations (84)-(89) are the nine degree-of-freedom helicopter
equations of motion in the helicopter body reference frame (ref. 1), where the under-
lined terms are those which arise specifically from the slung load.

J

X
. AERO ", - L
u, o= - qW, - g sin 0+ ryv, - 7 (oW, — g sin u,) — =—>— r_p (84)
B MH BB BB MH B"B KL L LLMH B'B
Y J
. AERO L .
V, = -—=— 4+ g sin ¢ cos O + pywy, - ru_  + 37 ppWp - T (rod, + quv;) - 3 & sin A
B MH BB BB MH BB LLMH B7B B'L MH L
(85)
Z,. (L, + )
) AERO m Byt R,
Wy = v + g cos ¢ cos O+ quup ~ ppvy + —————— (q3 + pg)
B~ (m + My B'B ~ PB'B (m + M) B " Pp
MLL
L
+ (86)

(o + M) (pghy, + aghy)
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B 1 I B I

M I I -
. AERO Xz zz
q " ——— (rz - P;) +<

yy Yy

P "1 aER0 22 * MaERo'xz * PrIply,

RLJLIzz
(it

yy

. my 8y
) >(quB +oagyy) + AL

e ATy s e oy o e m s e o mmem e

OQRIZE
OF POUL GUALYY ¢
Txx rp o LL rp - LFL % (87)
BPB T LT TP " 7 Sies '
L yy Yy
2
(Ixx Iyy + Izz) t quB[Izz(Iyy Izz) Ixz]

2

ol

: 2
Ixz cos ¢ cos O\)L + ningIzsz //lexlzz lxz)

. 2
rB - {&AEROIXX + LAEROIxz + quB(Ixx -

RLJLIXZ
L

2
™ 84y,
+ 4LL Ixx

cos O cos ¢vL +

(88)

2 - -—
+ Ixz) + quB[IXZ(Iy I I 9]

xX“yy y XX zz

4

. ' 2
(quB + qBvL) + quRLIszI}//QIxszz 1?7)

The underlined portions of the
contributions to the helico
equations (90)-(95).

(89)

above equations are designated as the slung-load

pter body reference frame accelerations and are given in

- J
. = L
UBDS u, = > (qpw, - K g sin p ) - —— ¢ P (90)
BS MH B™B L L LLMH B*B
. L Iy . L
VBDS v, =-—=1p w - — (rog, + quv. ) - — g sin X (91)
BS MH BB LLMH BB BL MH L
.nL(LL + RI) , \ LL . )
WBDS w2 = —— (95 + p2) + —=1 (Ppry + qui ) (92)
(
Bs (m, + MH) B B (mL + MH) B'L B'L
R J gRy,
. VL T8,
@BDS qp = rgpy +T— K (93)
S L'yy vy ,
RLJ I ga
. L zz . mL L
PBDS p_ = ——\(q ro + q,v.) + ———— cos ¢ cos Ov
BS < LL / BB B'L ALL XZ I
)
+ ngRLIzzAL //(Ixszz Ixz) (94)
2
: L83y, AT :
FBDS rBS = —ZEZ— Ixx cos O cos ¢vL + LI - (quB + qBvL)

+ meR I A //lexlzz - Iiz) (95)

These contributions are added
acceleration calculations in SMART.
the states are calculated in the same

S “A’A;?‘./l“w = A

directly to the helicopter body reference frame

By executing SMART immediately prior to SLING,
order as in the original BV mode:.
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Table 12 gives the SLING subroutine variable definition; table 13 is a list of
subroutine input/output variables and logical flags.

OPERATIONAL CONSIDERATIONS

Real-time piloted simulation using a simulator cab and visual display requires
the constant input informaticn described in table 14.

Additionally, in order that a pilot may land the helicopter model, a simple gear
model has been devised. The landing gear subroutine is nct actually executed; rather,
subroutine BLAND has been modified so that the ground is contacted artificlally (d.e.,
the gear reaction force is prescribed to be equal to the aircraft weight) and no
reactive moments are calculated).

CONCLUSIONS

A mathematical simulation model of the ARC CH-47B helicopter has been purchased
from the Boeing Vertol Company and implemented on the ARC Sigma IX computer.
Volume I of this report includes engineering explanations of each model subroutine;
also given are the appropriate assumptions and simplifications necessary to ensure
the validity of a particular experiment.

Volume II of this report gives a comparison among ARC and BV model dynamic
response data and flight test data, together with ARC static-trim and stability-
derivative data. Successful validation of the ARC model has been completed against
BV model data. As with all mathematical models of physical systems, however, this
model is not a perfect replication of the CH-47B helicopter. This is particularly
true with a quasi-steady rotor dynamics mcdel, the type implemented herein. To repre-
sent specific aspects of the helicopter response more closely and to meet the needs

of a particular simulation experiment, it may be desirable to modify the model
described in this report.
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APPENDIX A: FLAPPING AND CONING EQUATIONS

Using Wheatley-Bailey theory (refs. 6 and 7), flapping and coning angles are
computed in the shaft-normal-plane-wind reference frame. Due .to pitch-flap coupling K
(63), the solution for coning and flapping angles (aj,a,,b;) is coupled with the
definition of swashplate cyclic and collective pitch angles (A, ,B; ,04), as shown in

\ il
equations (Al)-(A7). Additionally, coning angle is a function of rotor thrust, i

defined in equation (Al). .
A
acR? \[ 72¢.\ © 0 120 f
AOFR a - P RB / ’T + .__9_. + _.E‘i + _.._._.0.. (AI) :
AORR “0 T\121 “\ ao 6 5 2 i
F,R
- - 2 ,
AlFR a. = 4 . A + 200 + Otw _ 3UBlc _ _B_1_<_'_ _ léqF,R“ + (15/2)] (42) .
AIRR "1 1 - (p2/2) |"\2 3 2 8 4 R ‘
. (pacRBQ)/IF’R 2
BZRR bl = 2 + AlC - R (AB)
- > - /
3[1 + (ue/2)] (LacRBQ)/IF,R
where
AICFR o ,
ATCRR A1c = Al + Kga, (A%) |
[
BICFK oy
BICRR Blc = 31C2 + KBbl (AS5)
THOFR  _  _ _, ,
THORR  Co = o + Kgag (46)
CTFRI1 .Z_C.E—l.'..e_o_.‘.?_gi*. . T_().+.(3.E.‘i\_i- (A7)
CIRRl ac 2 ' 3 & T2 4 ) 2

The purpose of this appendix is to provide the algebraic steps necessary tn
decouple these equations, eventually resulting in the model equation (18). i llow~ing,
is the step by step decoupling of the equations, reproduced from reference 4,

1. Substituting for (2Cp/ac) in the a; equation:

N - ”
pacR 0 0, ] 0 B 0 0] ueo
_ B A 0 tw 0 tw 1 0 tw 0
30'(121FR)" 23t 1L““(z" A)' 2 [*e*t s (A8)
Yy "
OE'CR.B 400 0 0 ]
= —— p —— 2. 2 - _2 _t..‘i - 2 ._..g
a, (IZIF R)(Z)\ + 3 + Otw + 2p°0, + u Otw 2uB]C + 3 + G 5 (A9)
pacR; 4 1 “2‘ 6
I . N 2 b _utYy o, 5 2
ag (121F . Co (3 + 2u° + 3 3 ) ZLBlc + 2% + Otw (5 + u ) (A10) )
9 .
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2. Substituting for O, and BIC:

0
121 '
Pler) 3.3 2\, [ v (6.
pacR'* a, ((.)0 + Kﬁao)(2 + 5 u) Zu(Blcz + KBbl) + 2\ + ')tw 3 + U (A1)
B

/dCRE
~ - _, S S
A B C
3 3 6 p
_ {2 2 .2 o ' ° z
= Uo<2 + > u) ZuB}c2 + 2\ + Otw(S + u) (Al12)

3. After defining coefficients as indicated above, the equation has the form:
Ary + Ba, + Cb, = J (A13)

4. Rearranging the a, equation:

+ + - - — -

(l ) £j>a D B et 3By By 16ap o1+ (W3/2)][(1/4) - (12/8)]
"

4 8, 3 2 8 4 o
(OdCRB“)/lF,R
(Al4)
5. Substituting for Uy and By
L_owy Ly A : L, 37
<4 -é—>a1 = (uo + KBdO) 3~ Blcz + KBbJ " + —-é...
o 16q, (1 + (W2/2)10(1/4) - (u2/8)]
+ % + -~—-2—t! - F.R : (A15)
(pacRBw)/IF’R
1 2 2
ac(— 3 KBU) + a; (Z - 1—:3—) + b] KB('}; + lg—)]
ev— — v Lm— cm—
D E F
N o 2 _ 2
SR, g\ G Teap [+ R/ T/ - (2/8)]
=-—— - B! |+ + 2]+ L4 - (A16)
3 (,2 4 8 2 ( RI‘Q /I
PacRpf) /g g
K
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6. The definition of the above coefficients results in the form of equa-
y tion (A17):

Day, + Ea, + Fb, =K (A17) 0\
d
7. Substituting for A;, 1in the b, equation: ;
)]
t
Y
4uag l6pp o1 - (1%/2)] .
by = + AL+ Kea, - > : (A18) §
2 -2 :
| 3[1+ (u2/2)) (pacRi®) /1y o |
}l
Lép, o[1 - (u?/2)] ‘
a =L +a,(-Kg) +by(1.0) =4 - —FR - (A19)
,,|2 2 O
‘E}l + (& /2)]‘ o (paCRB“)/IF,R ‘
: v e— e s .
G H I L |
8. After the above definitions, the equation has the form: |
Ga, + Ha, + Ib, = L (A20)
As discussed in the text, equations (Al3), (Al7), and (A20), which are the same as the
text matrix equation (18), are solved for ag, a;, and b,.
' N
]
;g‘
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' APPENDIX B: INFLOW DYNAMICS SOLUTION

In the original version of the model (developed by Boeing V
which this model was adapted, the inflow ratio was modeled by th
expression, including a first-order lag (ref. 1). Past cycle va

using this implementation.

h.. '
LR [

ertol Company) from
e equation (Bl)
lues of CTF,R’ AF,R»

and WF,R Wwere used, so no iteration on the current value of Up,R Was performed

;- Cp Dy Cy
| ALAMRR PR " VbR T BRSO R (31)
; ’ ’ 2(“%,11 + x12?,12) 200 5 * )‘IZQ,F) ‘LR
é where
' PR T (Q‘:F,R- ro -y R WF’SI;
’ RBF,R ‘PR T OTFLR By g FoR

as defined in model equation (12).

A more exact real-time solution was obtained by Boris Voh,

who represented the

above as a differential equation and solved it using a local linearization method
implemented as subroutine LOLIN (ref. 12). Following is the solution method, using

the forward rotor equation as an example:

C D C

N Ty . Frr TR 1 (82)
"F 0 2 2y 1/2 2 2 /2|y, s + 1
RBF Fol262 +22) 2(u2 +22) -
YE CTF DFRFCTR
y 1. s + 1) = —— |r, s + 1) - + - (B3)
F Mg F YR TR
T C, D C
1AL 4 AL = G P S i o rr R (B4)
AL F F R, Q. F R, @ 2 2 1/2 2 2 1/2
F B, F B F 20u2 + A%) 2(uk + A%
) C D. C
S S U N F, T Frr 'R (B5)
F R Q T F 9 2 2 1/2 2 2 1/2
BF F AF F F 2(uF + \F) 2(uR + AR)

Following are the definitions necessary for the application of

28
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LOLIN to this problem:

A
we anamrad

.
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. LOLIN Frngineering
Description definition definition
-
/\I'
Nonlinear function FN .
A
Partial derivative of nonlinear FT Ej]
function with respect to time )
-
b F'-
(53 83,
_F_F
BAF BAI
Jacobian of system FS . .
P Py
3, 9A
| F K]
System state vector ST :
"R
where
.
R

is defined above in equation (B5), the time derivative of the function,
S 0
X )
)R (

and the four elements of the Jacobian may be calculated as in equations (B6)-(B9):

. C. A
BAF . apop TF F
9 =TT b 2 2 1/2 - 2 2.3/% (B6)
F XF 8(11F + AF) 2(11F + XF)
: Co (3D /3),) aoD D, C.. A
Np 1 | TR Fre R FrF Fep T R
. LY 2012 + Az)l/z + 8(u2 + A2)1/2 B 2012 + 22 3/z2 (B7)
F MR R MR R ug +AR)
where
3D (1 - |sin B )ad!
Fry _ ‘ FUS| Fop
Mg AT-(AR/uR)— o.zb]uR
29
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.
aoDy D, CT Ag
R FR 'F
+ 8(u2 + 12)3/2 - 2002 + 22y%/2 (B8) :
(“F + F) (uF F) :
where a
1 -~ q!

aDFFR ] (1 - [sin Bpyqllad) |
Mg M= Op/ug) - 0.25Tu, ,
. o |

8>‘R 1 aROR TR "

e 1+ > 2 1/2 2 NEYE (B9)
R >‘R 8(UR + KR) Z(UR + AR)

Using LOLIN, equations (Bl) may be solved with a Newton-Raphson numerical technique ;
in equations (B10) and Bl1).

BAF - BAR i
BAR R a)\R F
e “w t " - (B10)
™ ! EEI. a>\F n
QAF BAR
det )
-BAF BKRJ
BAR i ) S)P A
BAF F ”‘F R
ALAMRR g =g * S (B11)
n+1 n AF aAF .
BAF UAR
det| .
Mg g
-dXF BXRJ
URBINEL Pﬁagfg
OF POOR QU i}
il
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1.

2.

3.

4.

[e))

10.

11.

12,

13.

14
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TABLE 2.~ ROTOR SUBROUTINE VARIABLE DEFINITION,

Input variables

Output variables

]
i
I
Common Subroutine Common Subroutine of
Variable location | of origin : Variable location destination
AICFRC CH(39) CONTROL, : ALARFR CH(52) AERO
AICRRC CH(38) | ALARRR CH(53)
BICFRC CH(37) \ AMARFR CH(54)
BICRRC CH(36) , AMARRR CH(55)
HCG A(176) SMART ' ANARFR | CH(56)
OMEGPF CH(115) ENGINE | ANARRR CH(57)
OMEGPR CH(116) ENGINE \ QAERFR CH(64) ENGINE
PB A(37) SMART , QAERRR CH(65) ENGINE
QB A(38) SMART | TMGNO1 CH(100) AERO
QGOVFR CH(257) ENGINE | TMGNOS CH(104)
QGOVRR CH(258) ENGINE | TMGNO6 CH{105)
RB A(39) SMART | XAERFR CH(72)
SBETFS CH(50) AERO , XAERRR CH(75)
THOFRC CH(42) CONTROL , YAERFR CH(73)
THORRC CH(43) CONTROL | YAERRR CH(76)
UB A(58) SMART | ZAERFR CH(74)
VB A(59) SMART , ZAERRR CH(77) L ]
WB A(60) SMART |
Logical flags Required input data
Flag 122:?22n Function Variable IEEZ?ESn Description
NGREFF ICH(7) Ground effect correction DXCG CH(68) Position of actual
of thrust off/on (0/1) DYCG CH(69) helicopter c.g.
NSTALL ICH(5) Rotor stall modification DZCG CH(70) relative to its
of thrust and torque reference (fig. 30)
off /on (0/1)
NTRQCR ICH(6) Empirical correction
of rotor torque
off/on (0/1)
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TABLE 4.- AERO SUBROUTINE TRANSFER VAKIABLES, INPUT DATA AND

LOGICAL FLAGS
Input variables Output variables
, Common Subroutine Common Subroutine of
Variable location of origin Variable location destination
ALARFR CH(52) ROTOR BETAFS CH(59) SAS
ALARRR CH(53) FAX A(136) SMART
AMARFR CH(54) FAY A(137)
AMARRR CH(55) FAZ A(138)
ANARFR CH(56) TAL A(155)
ANARRR CH(57) TAM A(156)
TEMA CH(92) SMART TAN A(157)
TMGNO1 CH(100) ROTOR
TMGNOS CH(104) ROTOR
UB A(58) SMART
VB A(59) SMART
WB A(60) SMART
XAERFR CH(72) ROTOR
XAERRR CH(75)
YAERFR CH(73)
YAERRR CH(76)
ZAERFR CH(74)
ZAERRR CH(77)
Required Input Data
Variable Comm?n Description
location
DXCG CH(638) Position of actual
DYCG CH(69) helicopter c.g. relative
DZCG CH(70) to its reference (fig. 30).
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TABLE 6.- ENGINE SUBROUTINE TRANSFER VARIABLES. T

Input variables

Qutput variables i

|
|
Common Subroutine | Common Subroutine of f
variable location | of origin  Variable location | destination | !
} !
DCOLTOT CH(210) CONTROL IOMEGPF CH(115%) ROTOR .
'OMEGPR CH(116) ROTOR !
IBEEP1 Simulator cab'
IBEEP12 Simulator cab IQGOVFR CH(257) ROTOR
lQGOVRR CH(258) ROTOR i
QAERFR | CH(64) ROTOR | .
QAERRR | CH(65) ROTOR ' ;
i
Logical flags
Common
Flag location Function
ISTEADY | ICH(4) Zeros  after rigid body
states have been trimmed
off/on (0/1) l
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TABLE 8.- CONTROL SUBROUTINE TRANSFER VARIABLES

—_
Input variables : Output variables
Common Subroutine of ! Common Subroutine of N
Variable location origin ) Variable location destination 4
DCOLECS | CH(275) | ECS | ALCERC | CH(39) | ROTOR ,
DCOLP CH(206) Simulator cab , AICRRC CH(38) ROTOR
DLATECS CH(272) ECS , BLCFRC CH(37) ROTOR
DLATP CH(203) | Simulator cab , BICRRC CH(36) ROTOR
DLATSAS CH(17) SAS , THOFRC CH(42) ROTOR .
DLONECS CH(273) ECS , THORRC CH(43) ROTOR !
| DLONP CH(204) Simulator cab ;
| DLONSAS CH(18) SAS | !
| DYAWECS CH(274) ECS |
; DYAWP CH(205) | Simulator cab |,
| DYAWSAS | CH(19) | SAS \
| TAND IA(29) Simulator cab ,
5 IANU IA(30) Simulator cab ,
ILWD TA(33) Simulator cab |
IRWD TA(34) Simulator cab
VEQ A(75) SMART \
Logical flags !
Common .
Flag location Function
IDCPT ICH(3) Differential collective pitch
trim off/ou (0/1)
IECSCON ICH(2) Electronic control system off/on (0/1)
IMHIS -—— Simulator cab off/on (0/1)
RSASP CH(282) Lateral SAS off/on (0/1)
RSASQ CH(283) Longitudinal SAS offi/on (0/1)
RSASR CH(284) |Directional SAS off/on (0/1)
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TABLE 10.- SAS SUBROUTINE TRANSFER VARIABLES

Input variables

Output variables

Variable | Common Subroutine :Variable Common Subroutine of
. location of origin : location destination
BETAFS CH(59) AERO ) DLATSAS CH(17) CONTROL
SQFS CH(110) | AERO . DLONSAS | CH(18) CONTROL
PB A(37) SMART i DYAWSAS CH(19) CONTROL
QB A(38) i
RB A(39) |
VEQ A(75) |
QBAR A(178) |
1

TABLE 11.- ECS SUBROUTINE TRANSFER VARIABLES.

Input variables I Output variables
Common Subroutine of | Common Subroutine of
Variable location origin 1 Variable location | destination
DCOLP CH(.06) Simulator cab ! DCOLECS | CH(275) CONTROL
DLATP CH(203) Simulator cab ! DLATECS CH(272) CONTROL
DLONP CH(204) Simulator cab ! DLONECS CH(273) CONTROL
DYAWP CH(205) Simulator cab ! DYAWECS CH(274) CONTROL
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TABLE 13.- SLING SUBROUTINE TRANSFER VARIABLES, INPUT DATA AND

LOGICAL TLACS,

— . ) . ——
Input variables | Output variables
Variable Conmmon Sgbroutine: variable Commun Subroutine of
I 7 location | of origin - location | destination
CPHI A(1D) SMART "PBDS CH(251) | SMART
CTHT A(13) ' QBDS CH(252)
PB A(37) ' RBDS CH(253)
PBD A(55) ' UBDS CH(248)
PHIR A(4) ' VBDS CH(249)
QB A(38) : WBDS CH(250)
QBD A(56)
RB A(39)
RBD A(57)
RHO2 CH(101) '
SPHI A(10) '
STHT A(12) '
UB A(58) '
UBD A(413) '
VB A(59) '
VBD A(414) ' |
WB A(60) :
XIXX A(116) :
XIXZ A(119) )
XIYY A(117) '
X122 A(118) '
XMASS A(130) : |
Required Input Data
Variable 1222?:2n Description
BJSL CH(266) Moment of inertia of slung load about
load vertical axis
BLSL CH(267) Average cable length below attachment
point
BRSL CH(2h8) Vertical distance between hook attach-
ment point and aircraft c.g.
SASL CH(297) Cable separation distance
SMSLIC Slung load mass
THESL CH(269) Angle between load x-axis and heli-
copter x-axis
WGHTSL Slung luvad weight
r" Logical Flags
Flag Common location Function
ISLING ICH(1) Slung load subroutine option off/on (0/1)
ISLTRM ICH(8) Slung load trim in straight level flight off/on
(0/1)
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TABLE 14.- REQUIRED

INPUT DATA FOR OPERATTONAL SIMULATIONS

s ‘AD/'A""’- -i oo

. Common . yTw :; n

HYariable location Unltg. Physical dcscr#ition

DXCC CH(68) in. Position of actual helicopter
DYCG CH(69) in. ¢.. relative to its refer-
DZCG CH(70) in. ence (fig. 30)

WAITIC A(242) lbf Helicopter weight

XIXXIC A(243) slug~-ft?2 Helicopter moments and prod-
XIYYIC A(244) slug-ft? uct of ianertia

XIZZIC | A(245) slug-ft?

XIXZIC A(246) slug-ft?

XP A(171) ft Position of pilot, in heli-
YP A(172) ft copter body axes, relative
ZP A(173) ft to c.g. of aircraft
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Figure 1.- CH-47B helicopter.
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SLAR| [ALFR1] [ALRA1]| (ALRRY] [[ALARFR| (ALARAR|l [aLRA2] | [ALFR2| [ALAR2 }Lg:‘océl:‘%: SHAR or|
SORRA AMPFR1| [AMRR1|| | AMRR Y AMARFR| |[AMARRR|| |aAMRR2| | |AMFR2| | AMRR2 SIDESLIP ANGLES -
\snm\ ANPFR1),|ANRRY}| |aNRR1]| [[ANARFR|,(ANARRR])| |ANRR2| | |ANFR2|,[ANRR2 ) (HRR!
I { XAERFR| [ XAERRRA ‘vna‘
lu:asn YAERRR ITRR|
ZAERFR|,| ZAERRR : '
xagarn) || xaunan HETL ehtnnn)
YAERFR! | | YAERAR
|ZAERFR| | (ZAERRR
3N 1g, CO® 1F, 8in iR, COS iR ISINIFR| | IS 1NIFR|
|COSIFR| | ICOSIFRI
\l $iN.COs F 3in.cos IR
8 COMPUTE ALAMFR | 15 COMPUTE ROTOR 14.COMPUTE:" BMWFR _ ROTOR BLADE
reom~™ "7 ROTOR/ROTOR INFLOW RATIO A. ROTOR HUB BMWRR_MASS MOMENT
tSMAR m\;ﬁl‘n"r:?::cs ALAMRR | ALAMFR , ALAMRR PITCHING MOMENT c’
Lreucoeren |0 EveRGE CTFR | AMMBFR , AMHBRR |  SBFR NUMBER OF com
LONGITUDINAL ~——®®| FUNCTIONS FOR| gneoc 8. ROTOR hUB SBRR BLADES PER HUB ]
VELOCIT> 80DY REARWARD al  SUBROUTIN CTRR ROLLING MOMENT | <o p
REFERENLE | FLIGHT! 1 (SUBROUTINE (FROM 13) EFR FLAPPING HINGE e. CoOmN
LFRAME) _J i BDFFR LOLIM CALLED) ALHBFR ; ALHBRR | ERR OFFSET
———— BOFRF , BDFFR s 4
AICFR
A BICFR co
A1FR! | [AVRR! THOFR, TOR
{B1FR] | |[B1RR] arorm
e ——— > (FROM 12) -TAN (3) 81 crR -
| Swanr | |es Meaow | ~ THORR: |
i HELICOPTER | Qa8 6. TRANSFORM AIRFRAME ENGINE . COMPUTE KBETF | KBETR
ANGULAR RB ANGULAR RATES TO e | A. HOTOR ANGULAR
| VeLocities [ SHAFT NORMAL PLANE LFPR VELOCITY CORRECTED ﬁ
{sonY WIND REFERENCE FRAME = FOR MELICOPTER
| REFERENCE | (THROUGH SHAFT OMEGPF YAW RATE. 11.CORRECT ROTOR
| FRAME] | INCIDENCE AND ROTOR e 3] OMEGFR , OMEGRR CONTROL INPUTS CHORD
o o SIDESLIP ANQLES.) OMEGPR 5. ROTOR TIP SPEED [UFR Z%%:S’SSFLAP Al ;a] :
— PFR! [PRR VTIPFR , VTIPRR IWFR o B1FR| 1
QFR| [QRR ROTOR RBFR |g—————— (FROM 4)
RFR|,|RRR BLADE o G TIOTOR ADVANCE lunn] (;:g;‘; Alcan [A1RR ;
RADIUS RBR 81RR
AMUFR , AMURR WRR | THOFR |, TNORRJ | ) .
. D. INFLOW RATIO FROM 7
[seETER) isumn AR RNO | CorEcTREAM 3 i { )a
CBETFR| | ICBETRR DENSITY COMPONENT). i
ALMPFR , ALMPRR [""”J AICRR2 i
(FAOM S) aFR , BICFR2] | |BICRR2] | rHOFRC !
> THORRC
RRR
3. COMPUTE VELOCITY 5. COMPUTE ROTOR 9. TRANSFGHM CYCLIC 10. TRANSFORM
IN ROTOR SHAFY UFR2 SIDESLIP ANGLES | PITCH INPUTS INTO ] CONTROL INPUTS (FROM 6)
SINES AND S INIFR|| NORMAL PLANE BETAFR . BETARR | [SBETFR SHAFT NORMAL AICFRY THROUGH CONTROL
COSINES cosiFn|| (RESOLVED ’ CBETFR PLANE WIND BICFR1 PHASING ANGLE.
&Fc's::"" .'ri‘c".g‘éﬁé'ssmé& AND THEIR SINES | REFERENCE FRAME. i
ANGLES 8 1NtR ) AND COSINES SBETAR| | [AICFR1! [AICAR1 | AICRRY)| |AICFEZ| [AICRR2 i
ANOLES. 'COsIR uFR2] {URR2 VRR2 SBETFR| [CBETFR|| [CBETRA BICFR1), BicaR1] | [BICRRY]| !5iCFR2),|BICRR2 !
Foip :‘::: &::g WRR2 SBETAR|,|CBETRR ] ' :
1
1] = H
- L.
urr1! | [URR1 ] CThOM ) :
f—————-‘ (3] VFR1 VRARY 4. COMPUTE ve' = iy | ) SONTROL | SKiiPFR| {smwnn i
| FROM as WrR1] | (whRi IN P21 OR SHAE | ; CYCum PITCH | CPHPFR| | ,SHDRR |
: =44 NORMAL PLANE U amGLES
SMART . R REFEREN CONTROL PHASING
| HELICOPTER 2 COMPUTF VELOCITY ._J EFERENCE FRAME |u:;r—ncl(ucnnc| ANGLES AND THE'R T COMPUTE
AT ROTOR HUB (RESOLVED THROUGH . ||
ANGULAR : ROT D {{BICFRC],{BICRRC SINES AND POSITION OF.
| | COMPENSATING FOR OR SIDESLIP
VELOCITY ANGLE [ COSINES ROTOR HUB
AIRFRAME ANGULAR )
| (INERTIAL REF RELATIVE TO
FAM) AND | RATES. (BODY UFR| [URR! HELICOPTER
| vecocrrvoe | |UR REFERENCE FiAME) |  (SLFR WER|, (WRR] ‘sLFR (8L
| HELICOPTER we UFR1| URAY SDFR SorR! |8
C.G. (BODY VFR1| |VRRY SHFR snen| lsm
| REF FRM) | WFR1|, NRRY - - ’
SLRR
L J ::'“‘]
———— AR ——> SCALAR
> SCALAR } CURRENT COMPUTER SCAL ‘ PAST COMPUTER ;
YCLE VALUE YCLE VALY :
——» vector | €T — - vector | © E !
3
Figure 2.- Rotor signal flow diagram. ‘
i
FGivwou il B vrcEnING

i
1
- J
- —ads




ORI PN E

l
| AF POOK Lo aTY
(FHOM 5)
E 7
ISRETPR| | (SBETRRAI ROYOR
ICBETAR| |10 AZRO| SOLIDITY
1
Lo — SIGFR | S1GRR
~ }
16. TRANSFORM ROTOR
AERODYNAMIC FORCES COMPUTE ROTOR THRUST COEFFICIENT THTWFR ROTOR
TO HELICOPTER BODY HFR CTFR , CTRR THTWAR BLADE
REFERENCE FRAME YFR _ LIMIT SUBJECT TO ITS MAXIMUM TwisT
(THROUGH SHAFT TFR MODIFY FOR ROTOR STALL
INCIDENCE AND ROTOR | (SUBROUTINE RSTALL CALLED)
SIDESLIP ANGLES). il - MODIFY DUE TO GROUND EFFECT
. \unn‘ COMPUTE ROTOR THRUST ALAMFR
XAERFR] | XAERRR YRR, TFR , TRR LAMAR ("ROM 15)
YAERFR| | YAERRR 'TRRA
{ZAERFR|,| ZAERAR . COMPUTE AVERAGE SECTION PROFILE
DRAG COEFFICIENT
DELFR , DELRR RBFR HOTOR
BLADE
#in 1p. cos iR IS INIFR| | S| NIFR) COMPUTE ROTOR SIDEFORCE RBAR
: RADIUS
AR | |COSIFR| | |COSIFR| COEFFICIENT
. sth.cos I sincos g CYFR . CYRR
‘ COMPUTE ROTOR SiDEFORCE
»P_-‘ BMWFR ROTOR BLADE YFR , YRR RHO AlR
|t —— —
NSITY
{NT BMWRR MASS MOMENT COMPUTE ROTOR DRAG COEFFICIENT DENS!
. CHFR , CHRR
R | SBFR NUMBER OF COMEUTE ROTOR DRAG
{ SBRR __ PLADES PER HUB HFR , HRR
OMEGFR
NT SEFR FLAPPING HINGE e COMPUTE ROTOR TORQUE COEFFICIENT (FROM 7)
SERR OFFSET CQFR , CQRR OMEGRR
[A1CFR! MOODIFY FOR ROTOR STALL
{ :alcini (SUBROUTINE RSTALL CALLED)
. , [fnosn1 COMPUTE MEAN AERODYNAMIC
[A1RR' . TORGQUE REQUIRED SAFR ROTOR
|B1RR ¥ : QAERFR , QAERRR BLADE
/AICRR| SARR SECTION C
oM 12) -TAN (3} IBICRR
|THORR! 0
KBETF | KBETR AOFR! | (AORR! AMURR oM7)
A1FR|| [A1RR amuFR
B1FR|| 'B1RR! X
11.CORRECT ROTOR SCFR 12. COMPUTE ROTOR THYWFR ROTOR BLADE
CONTROL INPUTS CHORD gcRR | FLAPPING AND STIMTWRR TWIST
FOR PITCH-FLAP , CONING EQUATIONS ;
COUPLING |A1ER; BY DECOUPLING
iBYFR| THE 3 x 3 LINEAR ALAMFR
( . - SYSTEM OF (FROM 15)
AICRF| |AICRR [A1RR EQUATIONS ALAMRR
BICFR| [BICRR ‘BIRR
{THOFR|,| THORR| ‘ {AOFR] [AORR]
(From 7 JMEGFR | ATFR| (ATRR! RBFR ROTOR BLADE
y OMEGRR ‘B!FR dﬂlﬂﬂl RBRR RADIUS
: [Amrnz'\mcnnzl 4\ ﬁ‘ L
' BICFR2| | |BICRR2 t
! THOFRC _BHO ___  aimDENSITY
THORRC
[PFR! SAFR ROTOR BLADE
) oM C
10. TRANSFORM QFR) SARR SECTION T
CONTROL INPUTS (FROM 6)
AICFR1 THROUGH CONTROL PRR
BICFR1 PHASING ANGLE. QRR FIFR ROTOR BLADE
FRAME. > FIRR MOMENT OF INEATIA
ICRR 1| l’Alcam {AICFR2] [AICRR2
CRR1| | [BICRR1 [mcraz ,|BICRR2 Ticqflg:lgggng_c
[ From: coNTROL
| COLLECTIVE |
| PITCH
THOFRC , THORRC !
- e e e —e e —
| [svnna ‘smpnn IoXCo
cH | CPHPTR| | [CPHPRR pYCG
DIFFERENCE BETWEEN
| CONTROL PHASING DZCG] maAgELINE & ACTUAL
GRAC | ANGLES AND THEIR 1. COMPUTE HELICOPTER C.G.
ARG SINES AND POSITION OF POSITION
COSINES ROTOR HUB
RELATIVE TO
PTER CG
HELICO \ SLFRX]
|SLER =L== SDFRX
iSDFR| |80 ’ SHFRX BASELINE
{SHFR], SHRR POSITION OF
ROTOR HUB RELATIVE
SLRRX| 70O HELICOPTER CG.
SORAX
———4 SCALAR SHRRX

———ppp- VECTOR

r signal flow diagram.

R

S 97

PAST COMPUTER
CYCLE VALUE

/ FOLDOUT FiLAME

FCEDING PAGE BLANK NOT FILMED

1y



e

oF -

Figure 3.- Helicopter rotor center of gravity positions relative to rotorcraft

center of gravity (ref. 1i).
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Figure 4.- Actual versus baseline helicopter center of gravity position.
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coupling (ref. 11).
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Figure 9.- Rotor stall thrust coefficient correction (subroutine RSTALL)
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Figure 10.- Altitude dependent term for thrust modification due to ground effect.
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Figure 11.- Rotor stall torque coefficient correction (subroutine RSTALL).
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/ACQ

UNMODIFIED Q

/
INCREASING u

Veq

WHERE ACq_ IS COMPUTED AS FOLLOWS:
IFu<01:4Cq, _=0000833(0.088 - ug g) +0.01753 (C. Tp g - 0.0062)

FO.1 <u<02:aCq, | =0.0002 (u g - 01)-o.oooo1+o.o1753 (Crp - 0.0062)
IF02<u<03:ACq,  =0.00042 (uf g - 0.2) +0.000006 + 0.01753 (c'TF g - 0.0062)

\Fu>03: ACq, o =0.0016 (ug q -0.3) +0.000048 + 0.01753 (C7p o~ 0.0062)
IFACq, . <-0.00001: ACqg o =-0000™

Figure 12.- Empirical correction of rotor torque coefficient
(in-1line calculation).
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Figure 13.- Rotor-on--rotor interference terms: dI"‘ (forward flight) and

and d! (rearward flight)?R
FRF
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Figure 14.- Rotor-on-rotor interference terms: d% (forward flight) and

and d% (rearward flight).RF
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Figure i5.- Rotor on rotor interference term.
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Figure 16.~ Fuselage drag data (table: FDOQT).
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Figure 17.- Fuselage sideforce data (table: FYOQT).
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Figure 22.- Actual helicopter versus wind
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Figure 23.- Engine, povernor, and shaft dynamics block diagram.
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Figure 49.- Slung load geometry (fig. 6.1 of ref. 1).
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